In previous publications, we reported that students learned about Egyptian architecture and society by playing an educational game based on a virtual representation of a temple. Students played the game in a digital dome or on standard desktop computer and (each) then recorded a video tour of the temple. Those who had used the dome recited more facts in their videos (P < 0.05). In this study, we report reanalysis of the videos tours by two expert Egyptologists, who found an even stronger main effect for conceptual learning (P = 0.000) and better integration between the abstract concepts and the visuals (P < 0.002). We describe the experiment in the context of digital domes for education, surveying the field and discussing relevant theory.
Introduction
This study is a continuation of our effort to develop guiding theory and methods for the effective use of visually immersive displays in education . These displays surround the user or audience with a panoramic view of some virtual place or thing. It can be a landscape, a human heart, the night sky, a jet engine, or anything else the authors may devise. In this study, we used the panoramic display shown in Figure One . We devised an educational game, Gates of Horus, based on a virtual representation of a formal cult temple from Egypt's late period (Jacobson, 2009 ). In we showed that students who played the game in an immersive display ( Figure 1 ) learned more than students who played the same game on a standard desktop computer. After students completed the game, we had each student record a tour of the same temple, explaining everything about it. Educators who evaluated the recordings scored each video, listing how many facts the student mentioned in the video. We had randomly assigned the students to the desktop or immersive condition, and evaluators were unaware of which interface each student had employed. Students who used the immersive display recited more facts (P < 0.05) and evaluators tended to give them a higher subjective rating for providing a better presentation overall (P < 0.01).
Figure One: The Virtual Egyptian Temple in the Earth Theater at the Carnegie
Museum of Natural History. The game, Gates of Horus is based on it. See http://publicvr.org for more updated versions of both game and temple. In this paper, we describe a follow--on analysis of the same data, but with expert evaluators, Egyptologists Robyn Gillam and Lynn Holden. We found that students playing the game in the dome developed a better grasp of the basic concepts around the temple, not just the facts (P < 0.001). Furthermore, they were definitely using their visual memory to organize the information around the virtual artifact/space. Finally, the experts' overall judgment of student performance provided an even stronger statistical effect (P < 0.0004) in favor of the immersive condition. It appears that the experts are more sensitive to differences in learning. Our work addresses the larger question of whether the communication medium makes any difference in education (Clark, 2010) . We contend that every medium provides different affordances, which can be employed in the instructional design. Success depends on the quality of the instructional design and its appropriateness to the topic for the medium. In addition to our Gates of Horus, there are many examples of educational games for topics in history and cultural heritage (Anderson, 2010) . See for a full discussion. To put the project in context, we will begin by defining the terms, go on to describe digital dome technology and learning with immersive displays. Next, we will briefly describe Gates of Horus and the original study, and then detail the protocol for expert evaluation and our findings.
Defining Our Terms
A Digital Dome is any full or partially spherical display that shows imagery on its interior surface produced in real--time by computers. Digital Domes began with the electromechanical planetaria and later the IMAX theaters and similar technologies. They are an important subset of Giant Screen displays, which also include very large flat screens, 3D (stereographic) projections, and other displays that really surround the viewers. They are almost always intended for groups and usually large audiences. See the next section for detail on the technology and its use in education. Until approximately the mid--1990s, Virtual Reality (VR) referred to the use of interactive displays to create an artificial reality, usually around a single person. The first ones were based on flight simulators, but later could use a Head Mounted Display (HMD) or a CAVE™ (Cruz--Neira, 1993) A "CAVE" or similar device is like a digital dome, but uses multiple flat screens usually arranged in a cube to enclose the user. Intended for a single user, VR applications provide a high degree of interaction with an imaginary virtual world through control devices. For example a "data glove" and the correct software support allows the user to touch, feel, and manipulate virtual objects. However, it is possible for a digital dome to be used by a single person, and it can have advanced interface tools.
By the year 2000, the term virtual reality had stretched to include online virtual worlds such as Second Life or World of Warcraft. The user interacts with a persistent online, shared virtual world through his/her desktop computer. A better and more specific term is MUVE (Multi--User Virtual Environment) (Dede, 2000) . A great deal of educational research is currently being conducted with this type of VR, and many of the researchers describe the user experience as "immersive." However, they are really referring to narrative immersion where the user is drawn in by the story/action/curriculum. However, when Fraser and others (Fraser, 2010) use the word "immersion," they are actually referring to visual immersion. Visually immersive displays have been heavily developed and researched for training. We define training to mean learning how to perform some specific task, such as flying a plane, engaging in combat, or doing surgery. The VR training literature in these topics is vast (Seymour, 2008) . There have also been hundreds of applications for education in the kinds of topics one associates with museums and schools, but research has been scant. Empirical research on the educational use of sensorially immersive Virtual Reality (e.g., CAVE and HMD) is remarkably rare, despite its much touted promise and the significant resources spent on it, but some work has been done. For a full discussion on this, see 
Digital Domes
Panoramic imagery has existed in various forms throughout history, most notably the circular paintings of the late 18 th and 19 th century. An observer standing in the center is visually transported to the virtual world depicted in the painting (Maloney, 1997) . Next came planetaria with optomechanical projection systems, which project a night sky star field, while other devices (e.g., slide projectors) depict stellar phenomena (McConville, 2007) . Later came the IMAX movies, and now all--digital projection is quickly becoming the dominant dome projection technology. Most are Full Dome theaters, featuring a tilted hemispherical screen over the audience's heads, For a good review of digital dome technology, see (Lantz, 2011) . Domes are a special case of "Giant Screen" display (John Fraser, 2012) . They also include cylindrical theaters, very large flat screens, and even small portable domes Sumners, 2012) . The key characteristic of domes is that the display fills most of the user's field of view with artificial imagery, visually immersing the user in the virtual environment. The new domes are controlled by computers, which support linear movies, but also real--time generated computer graphics and interactive content (Lantz, 2007 (Lantz, , 2011 . Smaller portable domes are suitable for visits to K--12 schools, often as part of a museum--based outreach program (Sumners, 2005; Sumners, 2012) . Skillfully handled, the interactivity can be part of an immersive narrative (Apostolellis, 2010; Lantz, 2011) , which in turn can be part of a larger curriculum. Theoretically, a digital dome is a large--format computer monitor, so it could sustain any kind of interactivity ordinarily seen in a computer game or virtual reality application. In practice, the interaction is group--oriented, because everyone shares the same virtual environment.
For example, a digital dome can produce a star field under the control of a live presenter just like the old planetaria. The presenter can answer questions from the audience, can move the display in real time to focus on objects of particular interest, relate the experience to things outside of the planetarium, and so on. For astronomy, digital domes have the added advantage of being able to visualize alien landscapes or stellar phenomena on a large scale (Wyatt, 2005) . Another application would be to visualize physical landmarks that Native Americans would have used to measure movements of the stars.
In another example, Handron and Jacobson (Handron, 2010 ) describe a virtual Egyptian temple that is thematically tied to the physical Egypt collection at the Carnegie Museum of Natural History in Pittsburgh. A presenter gives regular tours of the virtual Temple in the partial dome display, the Earth Theater. S/he can also lead discussions, recruit audience members to act out Egyptian themes, work with props, and so on. This is considered part of the regular Egypt collection and tied in with the museum's K--12 related daytime programming.
More technically advanced options for interaction are also possible (Apostolellis, 2010; Lantz, 2011; Yu, 2005) . Audiences can "vote" on questions posed by a presenter by holding up colored paddles, which are read by a camera and processed by computer. Uniview (http://www.scalingtheuniverse.com) is a tool developed by the Elumenati (Eluminati, 2011) , which allows a remote presenter to control a dome show via an Internet link. We could go further, having the remote presenter or even a local puppeteer control one of the avatars to interact with the audience Trobridge, 2009) . For a dome, interaction design often has to be somewhat different from the design for a desktop. For example, a standard method of navigation in a first--person--shooter game is for the cursor to be in the center of the screen at all times. When the user wants to look in a direction, s/he rotates the view. When the user wants to move in a direction s/he must rotate the view to point there, then trigger a forward movement command, usually by holding down a key on the keyboard. To select an object, the user centers the cursor (and the view) on the object of interest and presses a different key. This works well in hundreds of computer games, but in our personal experience, it works rather poorly in a dome. Having to constantly rotate the view simply to select objects is disorienting. In our experience, the user does much better if s/he employs separate navigation and selection mechanisms.
Learning with Visual Immersion
Dome displays have unique affordances for educational design. To quote Fraser (J. Fraser, 2010; :
After more than thirty years of research, it has become clear that immersive environments enhance science--learning outcomes. The literature suggests that the sensory provocation, in combination with sensation of being within an experience rather than observing that experience from outside a frame has both cognitive and affective impacts. Fraser's assertion, above, is based on decades of practice and evaluations of dome--based educational programming. But the research does not answer the questions of when and how a dome is better than a large flat screen or even a standard monitor. It is not enough to show something on a "better" display and hope the user benefits. The designer must take advantage of the affordances of the immersive display, and not all content will lend itself well to that kind of treatment. Comparative media studies are extremely rare; see for an overview. The one design strategy that has comparative evidence to support its use is to exploit the dome's panoramic view to reveal the internal structure of something. Examples include a human heart, a geological formation, the constellations of the night sky, or the spatially highly organized iconography of a Catholic Cathedral. Different things become apparent or more readily accessible with an "egocentric" view (Jeffrey Jacobson, 2011) , especially when combined with external views (Salzman, 1999) .
One can take this argument further to say that visual immersion is beneficial when the visualization shown on the screen is best seen in a single piece, or at least large pieces. The classic example is a depiction or projection of the night sky on the interior of the dome. Understanding the spatial relationships of the stars to each other is much easier if one can see the whole thing at one time. Similarly, skillful use of the digital dome has been shown to help students learn the difficult concepts around the Earth--Moon--Sun system (Yu, 2008) . In the literature, most digital dome practitioners believe that (1) sensory immersion raises observers' sense of presence, the feeling of being there in the virtual world of the movie or virtual environment, (2) the increased sense of presence enhances engagement, and (3) the increased engagement enhances learning (Fraser, 2012; Yu, 2009) The research community around visually immersive virtual reality (VR) made the same conclusions during the 1990s. Most of their papers in VR for education referred to presence, including nearly all of the 14 empirical experiments we are aware of . They argued that presence focuses the student's mind on the learning task and structures the interaction in a natural way. However, research by the virtual reality community did not find a causal connection between presence and learning outcomes. Byrne (1996) , Moreno (2002), and Rose (1996) all based their learning experiments with sensory presence as the independent variable and found no effects. The problem may have been that presence was too poorly defined, leaving no good way to test for it (Bailenson, 2008; Slater, 2004) . Other possibilities are that (1) learner engagement causes presence, not the other way around, (2) both have a common root in the immersive visuals, or (3) the causal relationships of presence, engagement, and immersive visuals are complex, requiring a more detailed understanding to support research. Slater (Slater, 2009 ) provides a good overview of the topic and his own efforts to achieve a more stable definition of presence. He makes a distinction between the type of presence achieved through sensory immersion and the engagement one develops toward a character by role--playing it in the context of some narrative. Others retain a broader definition of presence, but posit a more stable theoretical foundation (Chertoff, 2008) . We believe that presence is a real phenomenon and that its relationship to learning is still to be established by further research.
Gates of Horus Game
In our educational game, Gates of Horus, the student learns about the temple and Egyptian society through facts and statements, which are illustrated in the structure and artwork of the temple (Troche, 2010) . Play begins at the front of the temple, facing the Pylon. Each time the student selects an "active" feature of the temple the priest explains its nature and meaning. When the student clicks on the priest, he asks the student a yes/no question based on what the student has selected previously. The priest asks questions in random order, never repeats a question the student has already answered correctly, and does not ask questions associated with a feature he has not yet explained to the student. For example, when the student selects the winged disk above the main gate of the temple, the priest says, "The winged disk…represents the divine life--force which flows from heaven and into all things…." This adds three questions to the priest's pool of questions, such as, "Does the winged disk represent war?" The answer is "no."
Figure Two: Children play Gates of Horus in a smaller dome provided by The Elumenati, who provided this photo (http://www.elumenati.com/). During the experiment only one child at a time played the game. After the student correctly answers all of questions about the Pylon, the main gate of the temple will open, allowing access to the Courtyard, which contains another priest. The student does much the same thing as before, but with a different set of questions and architecture. When the student has given correct answers to all the questions, the gateway to Festival Hall opens. The student repeats the process for the Festival hall and (last) the Sanctuary. The student "wins" the game when he or she answers correctly all of the questions from the priest in the inner Sanctuary, causing the divine image of the God to "speak," bringing the blessings of heaven to the land of Egypt. For a complete description of the rules of interaction, see Jacobson (2009) . For the complete dialogue, see Jacobson (2008, p. 104) . Play is shown in Figure Two , although Today, we have a technically updated and much more historically accurate version of the game and the temple, both freely available at http://publicvr.org . describes the full experimental protocol, where students were pretested, randomly assigned to a treatment or control group, and given several tests. In the following discussion, we will focus on our reanalysis of results from the Video Posttest from 61 students, aged 11--14. We recruited them from local scout organizations, patrons of the Carnegie Museums, one small school group, and individual referral sources. The Treatment Group consisted of 22 students who played Gates of Horus (Jacobson, 2009) , using a visually immersive display. The display was the Earth Theater, a partial digital dome at the Carnegie Museum of Natural History ( Figure One) . With respect to the video test, the Control Group had 39 members who played the game on standard desktop computers. After playing the game and taking a couple of other tests, each student recorded a 15--20 minute documentary video where s/he navigated an empty version of the temple. Evaluators graded the videos using a checklist; we found the students who had used the immersive display recited more facts during the video tours (P < 0.05). All this is detailed in Jacobson (2011); see also Jacobson (2008) for the testing materials, data, and other details.
The Original Study

Reanalysis of Data by Domain Experts
Tantalizingly, graders' responses to a single subjective question for each student ("Is the student doing a good job of reciting the facts of the temple?") showed a stronger sensitivity to the experimental treatment (P < 0.01) than the aggregate score of our carefully designed and scored checklists they used in the formal evaluation (P < 0.05). Our graders did know the temple and the game itself well enough to assess the accuracy and completeness of the facts presented by the students. So, could the graders' educated intuition be more accurate than their responses to detailed questionnaires? Lynn Holden was our Egyptologist for both the temple and the Gates of Horus, at the time. To further investigate the differential in student learning, we gave him a questionnaire with broader and deeper questions, such as "When in one space, does the student refer to objects in the other spaces?" Results based on his judgments showed that the dome group did better than the control group, with a very high significance (P < 0.0004) (Jacobson, 2008, p180) . We mentioned this main effect in Jacobson (2011), but gave no detail and did not discuss the details. Encouraged, we gave the same questionnaires and student--made videos to a second Egyptologist, Dr. Robyn Gillam. The purpose was to have data that rests on the judgment of at least two independent scholars. Gillam's evaluation produced a similar result, and we present the combined analysis and results, here. Each Egyptologist, Holden and Gillam, scored each video using the questionnaire in Figure 1 , producing two parallel sets of scores for all students. Our first step was to make the following adjustments:
(1) The first question, "Did the student say anything?" was a time--saver for cases where the student is unresponsive. Only a few said nothing, none of them in the data pool for 61 students, so responses to this question do not figure into later analysis.
(2) Results of the third question, "Is the student inventing facts" and the sixth question "How many wrong facts did the student voice?" were very sparse, because the students produced very little faked information. Even the poor performers simply tended to say less rather than say wrong things.
(3) The fourth question asks, "Does the student discuss the most important concepts…" The evaluator circles one, two, or three of the key concepts presented for each of the main areas of the Temple. In the analysis presented here, we treat it as four separate questions, assigning a score of 0--3, equal to the number of concepts circled by the evaluator.
(4) The second--to--last question "Did the student demonstrate…the five?" was an unfortunate typo that produced no useful data.
(5) The last question, "what is your overall impression of the student's performance?" is treated separately in the analysis.
This left scores from 12 "concept" questions and the score for the last "Overall" question for analysis, shown in Table 1 .
(1) All of the scores are normalized to a value between 0 and 1.
(
2) The first line shows the students' code names, which they chose themselves.
3) The second line shows scores from a pretest, sections D and E from Raven's Progressive Matrices, a test of visual reasoning ability. We will discuss this later.
(4) The third line shows whether the student is in the control or treatment group.
(5) The fourth line has labels for the second and last two columns.
(6) The next 12 rows each contain the full text, short name, and data from each of the 12 concept questions.
(7) The "Concept Average" is the average of data from all 12 concept questions.
(8) The last line is the result of the Overall question.
(9) The last column shows the results of the nonparametric Mann--Whitney test, with significant results (P < 0.5) bolded. A treatment effect is evident in half of the concepts tested, in the average of all concepts in the second--to--last line (P < 0.0060), and in Dr. Gillam's overall judgment on the last line (P < 0.0010). We depend on the non--parametric Mann--Whitney for our reported results. The test is less sensitive to differences than the much more popular T--Test, but Mann--Whitney can handle small numbers of choices presented to raters. Although we normalized the results of the question into real numbers, some of the questions offered only three or four options. Also, much of our data was not normally distributed. Mr. Holden's judgments and the analysis are reported in Jacobson (2008, p183) , and show similar results ( Table 2) . They show significantly greater learning by students in the immersive display for five concepts, the averaged data for all twelve concepts, and the question for overall performance. 
Interrater Reliability Analysis
These results are encouraging, especially in the Overall judgments. Now, we want to combine the scores produced by Gilliam and Holden into a single set of data. From that, we can draw conclusions, supported by the judgment of both evaluators.
We have two parallel sets of data, both in the format of Table 1 , so it would be easy to simply average each pair of values to produce a third. So we would average the score assigned by Gillam for each particular student on each particular concept with the corresponding score assigned by Holden. However, the two experts did their evaluations years apart, and did not have any shared coaching in how to score the videos. That, and natural variation led to substantial areas of disagreement, such as their divergent scores for the concept RefOtherObj. Overall, the scores they assigned to the students for their grasp on that concept were substantially different. The two experts had a very different view of what the students needed to do to show mastery of the concept. We can certainly average together any two numbers or lists of numbers, but if they don't measure approximately the same thing, the average is meaningless.
For example Table 3 shows the scores assigned by both Egyptologists for "Is the student doing a good job integrating the visual and verbal information…?" and the average score. We believe the average is meaningful, because the two sets of scores are significantly correlated, with Pearson's R = 0.59. There are many ways to express interrater reliability, but a simple correlation coefficient is appropriate in this case. We only care about whether each expert (unknowingly) gave higher scores more often to students in the dome group. We did not care whether one expert was consistently more lenient or whether both experts gave the same grades to individual students. (Fliess' Kappa, which we used for the non--expert graders, is sensitive to both of these factors.) We decided that the correlation between scores awarded by the two experts for each question had to be correlated at Pearson's R = 0.5 or higher. Otherwise, we judged their opinions (data) to be too greatly in disagreement for an average to be meaningful. The expert evaluators' results were correlated over R=0.5 for four out of the twelve concept questions. However, we had to reject the results for "Is the student doing a good job integrating the visual and verbal…" (IntegOther) First, Holden awarded a non--zero score to only 7 students (out of a total 61) for that question. There is nothing wrong with this judgment, but it meant that the correlation with Gillam's observations is based on too little information to be reliable. Also, Holden's data alone showed no significant difference between the treatment and control groups for that concept (Mann Whitney, P < 0.782), while Gillam's data nearly did (Mann Whitney, P < 0.074), showing that the two Egyptologists thought of the students' answers and/or the concept itself in a different way. Averaging these data together would not produce a meaningful result. We were therefore left with valid data for just three concept questions, the concept average, and the Overall question, which we could safely average together for further analysis. Table 4 , shows the statistically significant comparisons of student video scores for the treatment group vs. the control group. For example, for the question "Is the student doing the good job integrating the facts with the visuals?" each evaluator assigned a score for each student's recorded video. According to the Mann--Whitney non--parametric test, students who played the game in the digital dome received better scores on this metric (P < 0.002). Table 4 is that the main results here support the main result we found in . In this paper, we reported that students who used the immersive display stated more facts during their video tours (Mann--Whitney, P < 0.05). Then, we had theorized that the students in the treatment group (1) learned more facts, (2) had a better visual mental map of the temple and were able to mentally "walk" that structure to recall those facts, (3) had a deeper understanding of the knowledge overall, or (4) some combination of these three factors. Visual Reasoning is Engaged: The results in Table 4 for IntegVizVerb and IntegFactViz support the "better mental map" hypothesis. Students using the immersive display made better use (than the desktop players) of the Temple to access and present information. The fact that they were able to do this after having played the game, showed at least a short--term retention of a superior and useful integration of the visual and verbal information. So either their visual mental map is better, or they are better able to use it. It is important that we did not get a significant difference in the written multiple--choice posttest, which was a more direct measure of rote factual learning. This indicates that the immersive display group is not simply memorizing more facts, although that is possible, but they are definitely organizing information in a better way. Advantage of Dome for the Temple Affirmed: The main effect shown in the "overall" measure, and supported by results for ConceptAve, and KnowTalk is encouraging. That brings to a total of five the number of evaluators who have contributed to the data and includes two different approaches. Value of Evaluator Opinion for Synthesis Questions: This study also demonstrates how useful a simple opinion on student performance can be in measuring main effects, and how useful high--level questions requiring synthesis of both the material and student performance can be. Experts, especially, can synthesize the material on a deeper level and are likely to better understand the student's grasp of it. Expert judgment may also be a more sensitive measuring instrument for certain questions than even carefully designed scoring mechanisms used by non--experts. This is hinted at by the smaller P values we derived with Gillam and Holden's Overall judgments (P < 0.001) compared to what we derived from the non--expert evaluators (P < 0.05). Determining whether this approach really has more power would require significant meta--study of similar research. We theorize that it requires the student to do something sufficiently meaningful and lengthy to provide enough detail for the evaluator to consider.
Results and Discussion
Correlation With Visual Reasoning Ability: We wanted to see whether and how immersive learning affects students based on their level of ability. All students completed sections D and E of Raven's Progressive Matrices (RPM) test, a measure of visual and logical reasoning ability. A sample of their scores is shown in the second row of Table 1 . Not surprisingly, there is a very strong overall correlation between students' RPM scores and their performance in the video test. For RPM vs. our Egyptologist's combined Overall assessments, Pearson's R = 0.516, two--tailed, (p < 0.000). Smart students tend to do well in multiple settings. Low--Ability Students May Have More to Gain: We noticed that students with low RPM scores appeared to get a bigger comparative advantage with the immersive display than their more capable classmates, as indicated in Table 5 . Unfortunately, the difference is not statistically significant, according to our two--way ANOVA looking for an interaction effect between RPM score and membership in either the treatment or control groups (P = 0.23) on the overall scores the evaluators gave. Looking for an interaction effect in the other questions did not yield any significant effects there, although some came close. Nevertheless, we believe it is still possible that lower--ability students have more to gain from the visual immersion, and we hope to look into this in our next study.
Conclusion
In terms of pedagogical design, success depends on using the visual immersion to support the learning tasks in a meaningful way. Even where visual immersion is helpful or useful, the educator must decide whether employing it in the curriculum is cost--effective. Sometimes a task can be performed in more than one medium, but with varying results, as we saw in this experiment. Other times, a medium will make certain learning activities possible that cannot be done any other way. Then choosing one's medium requires a higher--level cost--benefit analysis. Based on what we have learned here we can characterize topics best suited to immersive visuals. 1. There must be three--dimensional imagery, which is relevant to the topic, if not central.
2. There must be something about the informational structure of that imagery that gives the viewer an advantage when s/he can see it in a panoramic view. Otherwise, one could just as well view it on a computer monitor.
3. There must be a way and a reason for the student to interact with that imagery in some meaningful way.
We continue our research to help educators and educational researchers with these questions.
